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24 Abstract

25 The changes in climate registered at the planetary scale threaten the persistence of 

26 current populations for many plant species, with effects particularly evident at the edges 

27 of species distributions. However, intraspecific differences in functional traits could 

28 modulate the plant responses to the expected increase in drought. Using a trait-based 

29 approach, we evaluated under controlled conditions how Quercus suber seedlings from 

30 the latitudinal edges of the distribution range of the species respond to different 

31 watering treatments in terms of vegetative growth and biomass allocation. In addition, 

32 we simulated an extreme drought by stopping watering until death to determine 

33 chemical and physiological traits under drought stress and to identify which 

34 morphological traits were more associated to drought resistance (expressed as survival 

35 time without watering). Seedlings from the northern provenance presented higher 

36 aboveground biomass allocation (i.e. shoot length and biomass allocation to shoot and 

37 leaves), while the southern ones were characterised by longer roots and higher biomass 

38 allocation to roots. Under extreme drought, seedlings from the southern provenance 

39 maintained higher photosynthetic rates than northern seedlings and were able to 

40 modulate their water-use efficiency (estimated from δ13C) depending on environmental 

41 conditions, which allowed them to survive for a longer period. Finally, drought 

42 resistance was partially explained by the plant biomass allocation pattern. Traits related 

43 to growth in height and light interception were negatively related with drought 

44 resistance, whereas traits involving investment in root biomass were positively related 

45 with resistance. These geographical differences evidence a local adaptation to drought at 

46 the southern edge of Q. suber distribution. Our results highlight the importance of the 

47 conservation of the genetic resources that peripheral populations harbour at distribution 

48 edges. 
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51

52 Introduction

53 In the last decade, the registered changes in climate observed at planetary scale are 

54 gaining in importance due to its intensity and dramatic consequences on natural 

55 populations (IPCC 2013). These climatic variations are inducing strong changes in the 

56 probability of establishment and survival of many plant species (Parmesan, 2006; 

57 Parmesan and Yohe, 2003; Pérez-Ramos et al., 2013a), with potential repercussions for 

58 the maintenance of their current populations (Aubin et al., 2016; Rehm et al., 2015). 

59 However, these changes do not likely affect homogeneously species across their 

60 geographical ranges, with populations located at the edges of their distributions being 

61 especially sensitive to climatic alterations as conditions are already at the species’ 

62 tolerance limit (Andreu et al. 2007; Linares and Tíscar 2011; Matías et al. 2017). In 

63 consequence, it has been suggested by numerous observational (Jump et al., 2006; 

64 Matías and Jump, 2015), experimental (Bombi et al., 2017; Merlin et al., 2018) and 

65 modelling studies (Thuiller, 2003; Vessella et al., 2017) that current distribution limits 

66 of major tree species will be considerably modified along the next decades.

67 Beside the existing solid evidence for climatic alterations of species distribution 

68 ranges, the response of edge populations to climate change can be modulated by 

69 different mechanisms. Plants have the capacity to cope with environmental changes by 

70 means of variations in different suites of traits (Bussotti, 2008; Freschet et al., 2018; 

71 Reich et al., 2007). Higher intraspecific variability in some key traits increases the 

72 probability of plant species to survive under different climate change scenarios, since 

73 the likelihood to obtain phenotypes tuned for the new conditions is improved (Benito-
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74 Garzón et al., 2011). This variability can be obtained from two main sources. On the 

75 one hand, phenotypic plasticity represents the range of different phenotypes that a single 

76 genotype can express depending on the environmental conditions (Bongers et al., 2017; 

77 Garland and Kelly, 2006; Nicotra et al., 2010). It allows plastic responses to fast 

78 changes in climate, and is essential for plant acclimation (Bussotti et al., 2015). But the 

79 acclimation capacity reaches a limit when the environmental pressure exceeds the 

80 intrinsic capacity of the plant for the variation of fundamental adaptive traits (Chevin et 

81 al., 2010; Thuiller et al., 2008), which can occur at the edges of species’ distributions. 

82 On the other hand, local adaptation is the result of the natural selection of genotypes 

83 better fitted to the local environment. The fixation of locally-adapted traits entails a 

84 change in the genome through evolutionary processes, and requires some type of 

85 population isolation by means of geographical barriers to pollen and seed dispersal 

86 (Savolainen, Pyhäjärvi, and Knürr 2007; Ghannoum and Way 2011). The long exposure 

87 of rear-edge populations to xeric conditions can result in local adaptations to drought 

88 stress (Matías et al., 2014), and such populations might represent important genetic 

89 reservoirs holding drought-resistant genotypes. Thus, although aridity is expected to be 

90 more intense at the rear edge, it is not clear whether local adaptations might mitigate its 

91 impacts to some extent. The relative importance of phenotypic plasticity and local 

92 adaptation as functional mechanisms to cope with drought remains largely 

93 underexplored in the context of climate change (Aubin et al., 2016; Dawson et al., 

94 2011). The identification of plant populations and genotypes with high tolerance to 

95 drought might become particularly relevant to improve our predictive capacity and 

96 implement management strategies to deal with the increasing aridity expected for the 

97 coming decades.

98 The functional approach (Lavorel and Garnier, 2002) has been developed during 
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99 the last years as a powerful tool to quantify variations in the morphological and 

100 physiological plant traits that could be driving the response of plant species and 

101 communities to variations in environmental conditions (Bussotti et al., 2015; Lloret et 

102 al., 2013; Pérez-Ramos et al., 2017). The analysis of the variability in key functional 

103 traits across contrasted resource-availability and geographical gradients can be useful to 

104 explore plastic and adaptive responses to cope with the expected environmental 

105 changes, as well as to infer their potential consequences for species distributions 

106 (Sniderhan, McNickle, and Baltzer 2018; Savolainen et al. 2004). In consequence, 

107 gaining knowledge about the variation of functional trait values among and within 

108 geographically-distant populations of a given species, together with the identification of 

109 those traits more associated to stress tolerance, opens the possibility for a mechanistic 

110 assessment of species vulnerability to climate change (Aubin et al., 2016; Bussotti et al., 

111 2015).

112 The long-life span and low migration rate of tree species makes them 

113 particularly sensitive to strong changes in climate (Jump and Peñuelas, 2005), especially 

114 in very vulnerable areas as the Mediterranean region (Giorgi and Lionello, 2008). 

115 Among Mediterranean trees, cork oak (Quercus suber L., Fagaceae) is a keystone 

116 species dominating stands characterised by their high biodiversity and ecological value, 

117 and represents a valuable economic resource for many countries in the Mediterranean 

118 basin (Aronson et al., 2009; Ibáñez et al., 2014). However, its natural populations are 

119 currently under dramatic declining trends characterised by high adult mortality rates and 

120 low regeneration capacity (Camilo-Alves et al., 2013; Ibáñez et al., 2017; Pérez-Ramos 

121 et al., 2012). These processes are especially evident at the southern part of the species’ 

122 latitudinal distribution (Matías et al., 2019), and have been attributed to a combination 

123 of drought stress and infection by the aggressive exotic pathogen Phytophthora 
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124 cinnamomi (Camilo-Alves et al., 2017; Costa et al., 2010; Gómez-Aparicio et al., 2012; 

125 Matías et al., 2019). Based on the previous evidence, we hypothesised that Q. suber 

126 populations from the equatorial edge of the distribution have developed drought 

127 adaptations due to their longer persistence in xeric areas, harbouring drought-resistant 

128 genotypes which make them less vulnerable to the expected drought increase than 

129 populations from the northern limit of the distribution. To test this hypothesis, we 

130 performed an experiment under controlled conditions where Q. suber seedlings from 

131 both latitudinal extremes of the species’ distribution were grown under three different 

132 watering levels and subsequently subjected to an extreme drought until death. We used 

133 a trait-based approach to characterize seedling responses to water variability in terms of 

134 vegetative growth and biomass allocation, to explore the chemical and physiological 

135 responses to drought stress, and to identify which morphological traits were more 

136 associated to drought resistance (expressed as survival time without watering).

137 The quantification of trait variations across different watering and provenance levels 

138 allowed us to determine phenotypic and genotypic responses to environmental 

139 alterations, respectively. Specifically, we aimed to answer the following questions: i) 

140 Which are the most plastic traits in response to a reduction in water availability during 

141 seedling development? ii) Are there differences in the response to drought between Q. 

142 suber populations from the two latitudinal edges of the distribution? In that case, iii) 

143 which traits are driving the differential drought resistance between the two extremes of 

144 the distribution?

145

146 Materials and methods

147 Focal species and seed sources
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148 Cork oak (Quercus suber L.) was selected as focal species for this study given its 

149 ecological and economic importance in Mediterranean forests. Q. suber is a 

150 sclerophyllous evergreen oak species inhabiting the western Mediterranean region, 

151 being especially abundant in the Atlantic coast of the Iberian Peninsula. To determine 

152 local adaptations to drought, we selected two populations, one at each latitudinal 

153 extreme of the species distribution. From November to December 2015, mature acorns 

154 were collected from populations at the northern (Sobreiral do Arnego, NW Spain) and 

155 the southern (Tazekka National Park, N Morocco) range limits of the species (Table 

156 S1), selecting five trees per population separated by at least 50 m and 50 acorns per tree. 

157 Acorns were tested for viability by the flotation method (Gribko and Jones, 1995) and 

158 stored in wet vermiculite at 5 °C until sowing.

159

160 Experimental design

161 The experiment was conducted at the greenhouse facilities of La Hampa experimental 

162 station (IRNAS-CSIC), located at Coria del Río (Seville, Spain; 37º 17' 01" N; 6º 03' 

163 57" W) from 22 January to 9 December 2016 (46 weeks). This period covered the first 

164 year of life of tree seedlings, the most critical stage in the ontogeny of Mediterranean 

165 woody species (Matías et al., 2011; Pérez-Ramos and Marañón, 2012). In January 2016, 

166 300 tubular PVC pots (12 cm in diameter and 50 cm height) were filled with a peat and 

167 river sand mixture (proportion 2:1 by volume). To allow mycorrhization, all pots were 

168 irrigated with 300 ml of a soil microbial inoculum obtained from the maceration 10 kg 

169 of soil collected under the canopy of Q. suber on 100 l of water for 48 h (Matías and 

170 Jump, 2014). This soil was collected from a population central to both seed sources 

171 (Doñana National Park, SW Spain) and that was analysed to confirm the absence of the 

172 soil-borne pathogen P. cinnamomi following the protocol of Sánchez et al. (2002). One 



8

173 individual acorn was sown per pot at 2 cm depth (30 acorns per mother tree, 150 per 

174 provenance in total), and all experimental pots were kept under optimal irrigation until 

175 85 % of the seedlings emerged, which occurred after 7 weeks (March 2016).  In order to 

176 determine the role of different precipitation scenarios during seedling growth, after this 

177 initial phase of non-limiting water supply we simulated three different precipitation 

178 scenarios: 1) High water availability: corresponding with a weekly irrigation until field 

179 capacity, and equivalent to a rainy spring where soils remain saturated most of the time; 

180 2) Medium water availability: corresponding with a reduction of 40 % with respect to 

181 the previous level, simulating average spring conditions during the growing season 

182 (Pérez-Ramos and Marañón, 2012); 3) Low water availability: watering amount reduced 

183 70 % with respect to the high water availability treatment, simulating a dry spring. 

184 These watering treatments were applied by adding a constant amount of water to all pots 

185 within the same watering level between the experimental weeks 8 to 20 (15 June 2016), 

186 simulating the natural growing season. 

187 At this point, we split the experiment in two groups by randomly selecting half 

188 of the individuals per treatment combination. One of the groups was harvested for the 

189 determination of population and morphological responses to watering reduction during 

190 early growth (see below). To determine the resistance to extreme drought of seedlings 

191 growing under the different watering and provenance treatments, the other group was 

192 subjected to a progressive drought until death with no watering from this point onwards, 

193 simulating an extreme drought period. Light levels in the greenhouse mimicked the light 

194 conditions of forest understorey (PAR ca. 300 µmol m-2 s-1) with natural daily duration. 

195 Temperature remained constant between 25 ºC and 30 ºC throughout the experiment. 

196 Survival was weekly monitored until all seedlings died. Seedlings were progressively 

197 harvested as they died. Soil moisture was measured fortnightly during the application of 
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198 the watering treatments, and weekly during the extreme drought period using a TDR 

199 probe (Easy-Test Technologies, Poland) on the top 10 cm. The position of the 300 pots 

200 was rotated bi-weekly to avoid the effect of possible small differences in environmental 

201 conditions.

202

203 Determination of physiological, chemical and morphological traits in response to 

204 extreme drought

205 A random subset of five individuals per provenance and watering combination, 

206 including one per mother tree, was selected for the determination of several 

207 physiological traits. From this subset, we weekly collected one leaf per seedling 

208 between the experimental weeks 22 and 28 (22 June to 3 August) for the determination 

209 of the leaf relative water content (LRWC) during the period of extreme drought. These 

210 measurements were used as a proxy of plant water status (Pérez-Ramos et al., 2013b). 

211 Collected leaves were quickly sealed into pre-weighed vials. The difference in the 

212 weight of the filled and empty vials provided the fresh weight (FW). The vials were 

213 filled with distilled water and refrigerated in darkness at 4 °C for 24 hours to allow for 

214 leaf rehydration. Hydrated leaves were then removed from the vials, patted surface dry, 

215 and weighed, providing full turgor weight (TW). Next, the leaves were placed into open 

216 vials and oven-dried at 60 °C for 48 hours. Upon removal, the vials were immediately 

217 sealed and weighed. The contents were discarded and the empty vials weighed. The 

218 difference between weights provided the dry weight (DW). LRWC (%) was calculated 

219 using the formula: LRWC = 100 × [(FW-DW)/(TW-DW)]. Maximum leaf-level 

220 photosynthesis (Amax, μmol m-2 s-1) was measured on the same individuals used for 

221 LRWC measurements once before the start of the period of extreme drought (March, 

222 week 16) and weekly along this period (i.e. June-July, experimental weeks 21 to 27) 
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223 following the method described in Appendix A. These five seedlings per treatment 

224 combination were also used for isotopic discrimination analyses at the end of the 

225 extreme drought period. After death, leaves were ground to powder and total carbon and 

226 nitrogen as well as the bulk isotopic composition (δ13C) were analysed as described in 

227 Appendix A. The C:N ratio was calculated from these primary data. These variables 

228 inform about the plant water stress (LRWC), the maximum capacity to fix carbon 

229 (Amax), the plant nutrition status (C:N) and the efficiency in the use of water (δ13C).The

230 For both harvesting times (after the application of the watering treatments and 

231 after death following the extreme drought period), seedlings were separated into stem, 

232 leaf and root fractions, measuring maximum length of the shoot and root in all plants. 

233 From a random subset of five individuals per provenance and watering combination 

234 (one per mother tree), we collected seven leaves per individual and scanned them for the 

235 determination of leaf area using the software Image-Pro Plus v 4.5 (Media Cybernetics, 

236 Silver Spring, MD, USA). Then, all samples were oven-dried at 60 °C for 72 h in order 

237 to obtain constant weight. From these primary data, a set of morphological traits was 

238 calculated following Pérez-Harguindeguy et al. (2013) recommendations: total biomass 

239 (in g), root:shoot ratio (R:S; root mass/aboveground mass, g g-1), leaf mass ratio (LMR; 

240 leaf mass/total plant mass, g g-1), stem mass ratio (SMR; stem mass/total plant mass, g 

241 g-1), specific leaf area (SLA; total leaf area/total leaf mass, m2 kg-1) and specific stem 

242 length (SSL; stem length/stem mass, cm g-1). These variables refer, respectively, to 

243 biomass allocation (R:S, SMR, LMR), leaf display (SLA) and the efficiency of biomass 

244 investment for height gain (SSL) (Poorter, 1999).

245

246 Data analysis
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247 Variations among treatments in soil moisture during the experiment, and in Amax and 

248 LRWC during the extreme drought period were tested using repeated-measures analysis 

249 of variance (rm-ANOVA) with provenance and watering level as between-subject 

250 factors and time as a within-subject factor. Linear Models including watering treatment, 

251 provenance and its interactions as fixed factors were used to analyse differences in 

252 morphological traits using the data of the first harvest (before the start of the extreme 

253 drought period). The same modelling approach was used to test for differences in δ13C 

254 and leaf C:N but using data from the second harvest (i.e. seedlings subjected to extreme 

255 drought). The effect of the mother tree on morphological traits was also tested, but 

256 finally excluded from analyses given its lack of significance in all cases. Given the 

257 reduced sample size, it was not possible to analyse the maternal effect for physiological 

258 and chemical traits. Differences among watering levels and provenances in seedling 

259 survival during the extreme drought period (i.e. without watering) were analysed using 

260 a failure-time approach, which measures the time to death of each individual seedling 

261 (defined as the number of days without watering until death), using a Log-Rank test to 

262 estimate differences among curves (Fox, 2001). Survival time during the extreme 

263 drought period was also used as an indicator of drought resistance, and was related by 

264 simple regression to the different morphological traits of the same individual to look for 

265 significant associations. Transformations to assure normality and homoscedasticity of 

266 data were used when necessary. All analyses were performed in R (R Development 

267 Core Team, 2016). All values are given as mean ± SE.

268

269 Results

270 Soil moisture
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271 Watering levels applied during the experiment resulted in different values of soil 

272 moisture across treatments, decreasing from high to medium and low watering levels 

273 during the whole treatment application (38.6 ± 2.2 %, 31.0 ± 2.1 % and 27.5 ± 1.9 %, 

274 respectively; F2,121 = 471.2, P <0.0001). These differences remained after watering 

275 stopped in week 20 for 12 more weeks (Fig. S1). By contrast, there were no differences 

276 in soil moisture between pots containing seedlings from the northern or southern 

277 provenances (F2,121 = 0.9, P = 0.3).

278

279 Morphological responses to different watering levels 

280 Survival was 100 % in all treatment combinations during the watering stage, and there 

281 were no differences among treatments in total biomass (Table 1). However, we found 

282 strong effects of both provenance and watering treatments on the different 

283 morphological traits measured. Seedlings from the northern provenance presented 

284 higher shoot length, SLA and LMR, whereas seedlings from the southern provenance 

285 showed higher root length, R:S ratio and SSL (Table 1, S2). Across watering levels, 

286 high water availability increased root investment (higher R:S ratio), whereas low water 

287 availability increased SLA values (Fig. 1). Shoot length, SMR and LMR were highest 

288 under the medium watering level (Table S2). There were no significant interactions 

289 between provenance and watering for any of the morphological traits measured.

290

291 Physiological and chemical responses to extreme drought

292 Although there was a clear trend across watering levels, differences became significant 

293 only at the end of the experiment (week 28) as leaves dried. As expected, Q. suber 

294 seedlings diminished their leaf water content (LRWC) in response to progressive 

295 drought. Although they were able to maintain high leaf saturation during the application 
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296 of the watering levels, leaves started to lose turgor after four weeks without water 

297 supply (Fig. 2). Seedlings grown under the high watering level kept higher LRWC 

298 values, whereas seedlings grown under the low watering treatment experienced a faster 

299 decrease of LRWC. Northern and southern provenances lost LRWC with increased 

300 drought at a similar rate (Fig. 2; Table S3).

301 In parallel to leaf dehydration, seedlings immediately started to diminish their 

302 photosynthetic activity after the extreme drought imposition (Fig. 3). Although there 

303 were no differences among treatments during the watering stage (week 16), differences 

304 in Amax appeared as soil (and leaves) dried (Table S3). The high watering treatment 

305 allowed a significantly higher photosynthetic activity for a longer period, while Amax 

306 was equally reduced under the medium and low watering levels. But more interestingly, 

307 although both provenances maintained a similar photosynthetic rate with no significant 

308 differences when the whole sampling period was considered (Table S3), significant 

309 differences in Amax between provenances appeared within specific sampling dates (Fig. 

310 3) when soil moisture dropped below 5 % (Fig. S1). Under extreme drought (weeks 26-

311 27), seedlings from the southern provenance maintained higher Amax and continued 

312 gaining carbon, while seedlings from the northern provenance presented negative Amax 

313 values, indicating that respiration predominated over photosynthesis.

314 We found no differences between provenances in the leaf C:N ratio  (F = 0.32, P 

315 = 0.58, df = 1), but the watering treatment significantly altered this ratio (F =23.4, P < 

316 0.0001, df = 2; Fig. 4a), with a N enrichment in leaves under low or medium watering 

317 levels (Table S2). Seedlings from the northern provenance did not present differences 

318 across watering levels in δ13C (Fig. 4b). However, seedlings from the southern edge of 

319 the distribution showed less negative δ13C values as water availability was reduced 

320 (provenance: F = 1.29, P = 0.27, df = 1; watering: F = 4.75, P = 0.02, df = 2). We 
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321 detected a marginal interaction between provenance and watering in δ13C (F = 2.64, P = 

322 0.09, df = 2).

323

324 Drought resistance and its relation with morphological traits

325 There were differences in survival time after extreme drought between provenances (χ2 

326 = 6.9, P = 0.009, df = 1) and watering levels (χ2 = 27.0, P < 0.0001, df = 2). Seedlings 

327 from the southern provenance showed longer survival times (74 ± 6 days) than those 

328 coming from the northern provenance (53 ± 4 days). Regarding watering treatments, 

329 seedlings subjected to high water availability during the watering period showed higher 

330 survival during the extreme drought period (86 ± 6 days) than seedlings from medium 

331 (57 ± 5 days) and low watering levels (46 ± 5 days, Fig. S2). We detected a significant 

332 correlation between the number of surviving days since the onset of extreme drought 

333 (an indicator of drought resistance) and some morphological traits. As a general rule, 

334 the trait related to root investment (R:S ratio: R2 = 0.30, P <0.0001) was positively 

335 related to drought resistance  (Fig. 5), whereas individuals with higher values in traits 

336 maximising aboveground development (SMR: R2 = 0.38, P <0.0001; LMR: R2 = 0.17, 

337 P <0.0001) died faster, indicating lower drought resistance. 

338

339 Discussion

340 In this study we experimentally determined the responses to different water availability 

341 levels and to a progressive drought during the early development of Q. suber seedlings 

342 using seeds from the latitudinal edges of the species’ distribution. We detected 

343 morphological and physiological differences in the response to drought between the two 

344 geographical limits. Seedlings from the southernmost distribution developed better their 

345 root system, allowing them to gain carbon for a longer period and to present higher 
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346 water use efficiency, which ultimately translated into a higher resistance to extreme 

347 drought. 

348

349 Trait plasticity in response to watering

350 Although differential water availability during the growing season had no effect on the 

351 photosynthetic capacity and total biomass of Q. suber seedlings, the biomass allocation 

352 pattern showed a very plastic response, resulting in differences in morphological traits 

353 across watering levels. As a general rule, those traits maximising aboveground growth 

354 (i.e. shoot length, LMR) were higher at medium watering levels. It has been proven in 

355 previous studies with oak species that either an excess of water or drought conditions 

356 reduce seedling development  (Pérez-Ramos and Marañón 2009; Gómez-Aparicio et al. 

357 2008; Quero et al. 2008), while intermediate moisture levels without the hypoxic or 

358 water scarcity limitations could allow a better development of aerial traits. Under 

359 optimal watering conditions, higher development of the aboveground part provides 

360 several benefits for seedlings, such as self-shading avoidance or competitive advantages 

361 (Mediavilla and Escudero, 2010; Saha et al., 2014). SLA is a key trait expressing the 

362 trade-off between light interception and water loss, and is commonly assumed to 

363 increase under shaded and moist conditions (Aranda et al., 2005; Poorter and 

364 Markesteijn, 2007). However, we found the highest SLA values under the driest 

365 scenario simulated in our experiment. Although this result could seem rather 

366 counterintuitive, it could be an indirect consequence of the higher N concentration 

367 reported in the low water availability treatment (Table S2), since SLA is usually 

368 correlated with leaf N (Wright et al., 2004). Also contrary to our expectations, Q. suber 

369 seedlings devoted a higher proportion of biomass to roots (i.e. higher R:S ratio) under 

370 the high water availability treatment. It is usually assumed that higher root development 
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371 is a common response to water and nutrient limitation (Matías et al., 2016; Padilla et al., 

372 2009), which allows for a better exploration of soil and resource uptake. Further studies 

373 are therefore needed to find the mechanisms explaining the trends reported in our 

374 experiment. 

375

376 Geographic differences in the response to drought

377 Our results detected differences in morphological and physiological traits between the 

378 two latitudinal edges of the distribution. After the watering period, seedlings from the 

379 northern limit clearly invested a higher proportion of their biomass on aboveground 

380 development, presenting higher values for traits such as shoot length, SMR, LMR or 

381 SLA. This higher aerial growth has clear benefits for light capture and competition with 

382 other understory species (Saha et al., 2014), and is a typical strategy from humid 

383 environments where water or nutrients are not the limiting factors. Thus, at the northern 

384 edge of Q. suber, where precipitation is high throughout the year and soils are rich in 

385 nutrients (Sánchez, García-Sánchez, and Dios 1967), the fixation of those traits related 

386 to improve aboveground competitive abilities might be a good strategy to increase 

387 recruitment. On the contrary, seedlings from the southern provenance consistently 

388 presented higher values in those traits related to root development (root length and R:S 

389 ratio). A more developed radicular system allows for a better exploration of deeper soil 

390 layers for water and nutrient uptake (Nicotra, 2002; Paula and Ojeda, 2009), and has 

391 been identified as a key trait related to drought resistance (Markesteijn and Poorter, 

392 2009; Matías et al., 2014; Pérez-Ramos et al., 2013b). In consequence, our results 

393 suggest a clear selective pressure for opposite values in morphological traits across Q. 

394 suber latitudinal distribution aimed to maximise the uptake of the most limiting 

395 resource, which resulted in local adaptations for aboveground competence or soil 
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396 exploration at northern and southern range edges, respectively. However, given the low 

397 number of mother trees used in this study, it would be necessary to explore the trait 

398 variability within natural populations to determine the effective prevalence of local 

399 adaptations.

400 In addition to these differences in morphological traits, Q. suber seedlings from 

401 the latitudinal edges of the distribution also presented different physiological values 

402 under extreme drought. Although initially similar, the photosynthetic capacity (Amax) of 

403 seedlings from both provenances started to differentiate under a prolonged water stress 

404 (Fig. 3). The lack of differences in Amax or in LRWC during the watering period 

405 indicates that the low water availability treatment was not severe enough to induce 

406 water stress during the growing period. Soil desiccation reduced Amax similarly for both 

407 provenances but, when soil water availability was very low, seedlings from the northern 

408 edge strongly diminished photosynthesis, reaching even negative values. Negative Amax 

409 values imply that under extreme drought leaf respiration predominates over 

410 photosynthesis (Gallé et al., 2007), and there is a net loss of carbon leading to carbon 

411 starvation and seedling death (McDowell et al., 2008). In contrast, seedlings from the 

412 southern edge of the distribution were able to maintain positive Amax values with the 

413 same water availability, continuing the carbon gain over a large part of the drought 

414 period, which allowed them to survive for a longer period. This result directly relates to 

415 the pattern found in the carbon isotopic discrimination analyses. Less negative δ13C 

416 values are directly related to a higher capacity to fix carbon per unit of water lost (i.e. 

417 the intrinsic water use efficiency, iWUE; Farquhar, Ehleringer, and Hubick 1989). 

418 Although the interaction between provenance and watering was only marginally 

419 significant (probably due to the low sample size for these analyses, N = 5), seedlings 

420 from northern and southern provenances presented different isotopic discrimination. We 
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421 found no differences across watering levels in seedlings from the northern provenance, 

422 while southern seedlings increased δ13C values as watering diminished (Fig. 4). This 

423 result implies that seedlings from the southern provenance have the capacity to 

424 modulate iWUE depending on environmental conditions and to buffer the effects of the 

425 predicted climate to some extent by maintaining active photosynthesis (higher Amax, see 

426 above) for a longer period. On the contrary, iWUE seems to be fixed in Q. suber 

427 seedlings from the northern edge of the distribution, showing a very low plasticity in 

428 this trait. In consequence, the lower capacity of acclimation of seedlings from the 

429 northern distribution might make them more sensitive to the expected increase in 

430 drought frequency and intensity predicted by climate change models.

431

432 The role of traits as drivers of drought resistance

433 The results from this study show that several morphological traits could be useful to 

434 predict plant responses to drought. Thus, drought resistance, expressed as the survival 

435 time without watering, was partially explained by the plant biomass allocation pattern. 

436 Traits related to growth in height (SMR) and light interception (LMR) were negatively 

437 related to drought resistance, while plants maximising soil exploration (higher R:S 

438 values) survived longer. A higher development of the root system allows seedlings to 

439 forage more efficiently a higher soil volume and deeper soil layers, where more water is 

440 usually available (Engelbrecht et al., 2005), leading to higher survival. Greater 

441 aboveground development represents a clear advantage when light is the limiting factor 

442 (Green and Juniper, 2004; Mediavilla and Escudero, 2010) but, at the same time, it 

443 increments the evaporative demands of the plant. Consequently, a reduction in LMR 

444 helps to diminish the amount of transpirational tissue and thus to minimise water loss 

445 (Poorter and Markesteijn, 2007). Our results confirm that a higher proportion of root 
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446 biomass increases seedling survival under drought stress by simultaneously increasing 

447 water uptake and diminishing the evaporative surface. These results support previous 

448 studies indicating that individuals originated in drought-prone locations or from 

449 equatorial distributions present higher survival rates in dry years (Ramírez-Valiente et 

450 al. 2009; Matías, González-Díaz, and Jump 2014; Kolb et al. 2016), and provide a 

451 mechanistic explanation about the traits implied in drought resistance.

452

453 Conclusions

454 Our results show evidence for phenotypic plasticity in the response of Q. suber 

455 seedlings to different levels of water availability. This plasticity allows the uptake of 

456 resources when they are available, as it is the case of rainy spring seasons, enhancing 

457 survival probabilities during summer drought. More interestingly, we detected 

458 geographical differences between the latitudinal edges of the species’ distribution in 

459 terms of the biomass allocation patterns, with higher aerial growth in northern seedlings 

460 and larger belowground development at the southern edge. This differential growth 

461 pattern, in addition to the higher photosynthetic capacity under extreme drought and the 

462 ability to modulate iWUE depending on water availability, resulted in a higher drought 

463 resistance at the southern distribution limit. Although there were differences in 

464 morphology between provenances in early growth, the greater physiological differences 

465 (i.e. distinct ability to gain carbon) appeared under extreme drought conditions. These 

466 geographical differences, together with the lack of maternal effects within provenances, 

467 seem to indicate that these traits have been fixed at population level, and suggest a local 

468 adaptation to drought at the southern edge of Q. suber distribution.

469 Under a global change scenario, where extreme drought events are expected to 

470 increase in frequency, the role that intraspecific genetic diversity might play in the 
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471 response capacity of tree populations to environmental alterations is gaining in 

472 importance. Our results highlight the importance of the conservation of genetic 

473 resources that peripheral populations harbour at distribution edges. From an applied 

474 perspective, the higher drought resistance of southern-edge populations would represent 

475 a valuable resource for the restoration of degraded forests or in areas suffering tree 

476 decline in order to increase their resilience to climate change. However, the 

477 consequences that assisted species migration can have on the mid- to long-term are not 

478 still clear enough (see McLachlan, Hellmann, and Schwartz, 2007 or Benito-Garzón et 

479 al., 2018 for a debate).

480
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759 Table 1: Results from linear models (F-statistics and P-value) explaining trait variations 

760 across experimental treatments (provenance, Pr; watering, W) of the morphological 

761 traits obtained after the watering period.

Provenance Watering Pr × W
F P F P F P

Morphological traits
      Total biomass 0.04 0.85 0.42 0.66 0.29 0.75
      Shoot length 4.20 0.043 5.30 0.006 0.21 0.81
      Root length 7.75 0.006 1.57 0.21 0.91 0.41
      R:S 38.79 <0.0001 8.84 0.0003 0.97 0.38
      LMR 8.32 0.05 4.66 0.01 0.02 0.79
      SMR 26.80 <0.0001 2.50 0.087 0.14 0.87
      SLA 6.54 0.011 6.55 0.002 0.52 0.60
      SSL 8.70 0.004 0.86 0.43 0.67 0.51
df 1 2 2

762 Abbreviations: R:S, root to shoot ratio; LMR, leaf mass ratio; SMR, stem mass ratio; 
763 SLA, specific leaf area; SSL, specific stem length.

764

765



29

766

767 Figure 1: Responses of several key morphological traits (shoot length, panel a; specific 

768 leaf area, panel b; root:shoot ratio, panel c) to experimental treatments (provenance: 

769 north, south; watering: high, medium, low) after the watering period. Different letters 
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770 denote differences among watering levels within the same provenance after Bonferroni 

771 post hoc test. Error bars represent ± SE.
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772

773 Figure 2: Differences in leaf relative water content (LRWC, in %) from the onset of the 

774 extreme drought period across provenances (panel a) and watering levels (panel b). 

775 Significant differences at P < 0.05 are indicated with an asterisk. Error bars represents 

776 ±SE.
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777

778 Figure 3: Mean photosynthetic rate (Amax) of seedlings from the two provenances 

779 (panel a, watering levels pooled) growing under the different watering levels (panel b, 

780 provenances pooled). Vertical red line represents the onset of the extreme drought 

781 period. Error bars represents standard error terms. Significant differences within 

782 measuring date are indicated by asterisks (* < 0.05; ** < 0.001; *** < 0.0001). 
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783  

784 Figure 4: Variations in the leaf C:N ratio (panel a) and C isotopic discrimination (panel 

785 b) across experimental treatments at the end of the extreme drought period. Different 

786 letters denote differences among watering levels within the same provenance after 

787 Bonferroni post hoc test. Error bars represents ±SE.
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788

789 Figure 5: Correlations between root to shoot ratio (R:S) and survival time since the 

790 onset of the extreme drought period (in days). Northern provenance (N) is represented 

791 with circles and southern (S) with triangles. High watering level is indicated in black, 

792 medium in grey and low in white. Overall correlation R2 = 0.35 and P < 0.0001.
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793 Table S1: Main characteristics of the populations used as seed source for the 
794 experiment.

North South
Provenance Sobreiral do Arnego Tazekka National Park
Location NW Spain N Morocco
Latitude 42° 45' 59" N 34° 02' 40" N
Longitude 8° 05' 40" W 4° 11' 45" W
Altitude (m a.s.l.) 359 1440
Annual precipitation (mm) 1214 433
Mean annual temperature (°C) 13.4 13.7
Tree density (ind. ha-1) 336 1080
Basal area (m2 ha-1) 83.1 69.2

795
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796 Table S2: Mean values ± SE of the measured traits. Morphological traits were measured 
797 at the end of the watering period, while chemical traits (leaf C, N, C:N and δ13C) were 
798 obtained at the end of the extreme drought period.

Provenance Watering
North South High Medium Low

Total biomass (g) 6.6 ± 0.2 6.7 ± 0.3 6.6 ± 0.3 6.9 ± 0.3 6.5 ± 0.3
Shoot length (cm) 33.9 ± 1.6 29.9 ± 1.3 29.2 ± 2.0 37.0 ± 1.9 31.0 ± 1.5 

Root length (cm) 56.7 ± 1.4 63.2 ± 1.9 61.1 ± 2.3 61.8 ± 2.0 56.9 ± 1.8 

R:S 1.3 ± 0.1 1.7 ± 0.1 1.7 ± 0.1 1.3 ± 0.1 1.4 ± 0.1 

LMR (g g-1) 0.31 ± 0.0 0.27 ± 0.0 0.27 ± 0.0 0.32 ± 0.0 0.30 ± 0.0 

SMR (g g-1) 0.13 ± 0.0 0.10 ± 0.0 0.11 ± 0.0 0.12 ± 0.0 0.12 ± 0.0 

SLA (m2 kg-1) 113.0 ± 2.0 107.6 ± 1.3 110.3 ± 1.5 105.5 ± 1.3 115.8 ± 3.0 

SSL (cm g-1) 40.9 ± 1.6 48.3 ± 1.9 42.5 ± 2.3 47.1 ± 2.3 43.4 ± 2.0 

Leaf C:N 47.1 ± 4.5 44.9 ± 4.2 62.1 ± 4.8 45.5 ± 2.7 30.6 ± 1.7
Leaf C 46.5 ± 0.5 46.0 ± 0.4 45.7 ± 0.6 46.2 ± 0.3 46.9 ± 0.6
Leaf N 1.14 ± 0.13 1.14 ± 0.09 0.78 ± 0.07 1.05 ± 0.07 1.58 ± 0.1
δ13C (‰) -28.2 ± 0.2 -28.4 ± 0.2 -28.7 ±0.2 -28.2 ± 0.1 -27.9 ± 0.2
799 Abbreviations: R:S, root to shoot ratio; LMR, leaf mass ratio; SMR, stem mass ratio; 
800 SLA, specific leaf area; SSL, specific stem length.

801
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802 Table S3: Results from the rm-ANOVA analyses explaining variations in leaf relative 
803 water content (LRWC) and maximum leaf-level photosynthesis (Amax) across 
804 provenance (Pr) and watering (W) treatments during the extreme drought period 
805 (experimental weeks 22-28 for LRWC and 22-27 for Amax). Variation across time (T) 
806 was analysed as a within-subject factor. Significant P-values are indicated in bold.

Trait Factor F P dfNum dfDen
LRWC Between subjects

    Provenance (Pr) 0.01 0.96 1 24
    Watering (W) 2.74 0.08 2 24
    Pr × W 1.38 0.27 2 24
Within subjects
    Time (T) 10.34 <0.0001 6 19
    T × Pr 0.64 0.69 6 19
    T × W 0.81 0.64 12 38
    T × Pr × W 1.11 0.38 12 38

Amax Between subjects
    Pr 0.06 0.82 1 14
    W 5.04 0.02 2 14
    Pr × W 0.40 0.68 2 14
Within subjects
    T 65.52 <0.0001 7 8
    T × Pr 1.64 0.25 7 8
    T × W 1.47 0.23 14 16
    T × Pr × W 0.13 0.99 14 16

807
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808

809  

810 Figure S1: Soil volumetric water content (VWC, in %) recorded before (week 6), 

811 during the watering period (weeks 8 to 20, panel a) and during the extreme drought 

812 period (weeks 21 to 45, panel b). Significant differences across watering levels (high, 

813 medium and low) within measuring dates are indicated by asterisks.
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814

815 Figure S2: Survival probabilities from the onset of the extreme drought period of Q. 

816 suber seedlings from northern (black line) and southern (grey line) provenances under 

817 the different watering levels (high, medium, low). Differences between provenances (χ2 

818 and P-values) after a Log-Rank test are indicated for each watering level.

819
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820 Appendix A: Determination of physiological and morphological traits.

821 1.1 Photosynthesis: Maximum leaf-level photosynthetic capacity (Amax) was 

822 measured using a LI-6400xt infrared gas-exchange analyser system (Li-Cor Inc., 

823 Lincoln, NE, USA). The measurements took place between 10:00 h and 14:00 h using 

824 the 2×3 LED with the following settings chamber: 400 ppm reference CO2 

825 concentration, 1500 μmol m-2 s-1 light-saturating photosynthetic photon flux density, 

826 block temperature at 25 °C to match ambient air temperature, and relative humidity on 

827 full scrub. To determine projected leaf area of the measured leaves, they were further 

828 scanned and processed using the Image Pro Plus software (Media Cybernetics, MD, 

829 USA), and this value was used to correct Amax.

830 1.2 Carbon, nitrogen and isotopic discrimination: For the determination of C 

831 and N content in leaves and the relative abundance of 13C, leaves were ground to 

832 powder and total carbon and nitrogen as well as the bulk isotopic composition were 

833 analysed by dry combustion in a Flash 2000 elemental micro-analyser coupled via 

834 ConFlo IV interface to a Delta V Advantage isotope ratio mass spectrometer (Thermo 

835 Scientific, Bremen, Germany). Isotopic ratios are reported as parts per thousand 

836 deviations (expressed as δ values) referred to appropriate IAEA standards (VPBD):

δ = [R 𝑠𝑎𝑚𝑝𝑙𝑒 ‒ R 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
R 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ] × 1000 Eq. (A1)

837 where R is the 13C/12C ratio. The standard deviations of δ13C were typically less than ± 

838 0.05 ‰. The total C and N values were used for the calculation of the leaf C:N ratio for 

839 each experimental treatment. 

840
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